I ncreasingly, the availability and cost of labor is straining the specialty crop sector of agriculture. Specialty crops destined for fresh markets are often harvested by hand because of the fragile and perishable nature of the fruit. Interest in developing mechanical harvesting equipment that can substitute for the increasing shortage of hand labor is growing, especially for specialty crops such as blueberries. Research into mechanical harvesting of blueberries has been ongoing since the 1950s with over-the-row (OTR) machines and portable, heldheld vibrators. Only the V-45 blueberry harvester (BEI Intl., South Haven, MI) has clearly demonstrated that fresh market fruit quality as good as hand-harvested fruit can be achieved through mechanical harvesting . Because of several design limitations of the V-45 (e.g., slow ground speed for optimum harvest efficiency and need for certain canopy architecture to prevent plant damage), it was not widely adopted by the blueberry industry (Takeda et al., 2008 (Takeda et al., , 2013 . Mechanical harvesting blueberry fruit can substantially improve labor productivity and harvest efficiency while also reducing labor costs Casamali et al., 2016; Monroe and Levin, 1966) . However, problems with damage to fruit during the mechanical harvesting process with OTR machines makes delivery to fresh markets and postharvest longevity problematic Casamali et al., 2016; Morris, 1983; Yu et al., 2012) , especially in northern highbush blueberry (Vaccinium corymbosum) and southern highbush blueberry (complex hybrids of V. corymbosum and Vaccinium darrowii). Northern highbush blueberries for fresh markets need to maintain acceptable quality for 2 to 3 weeks or longer after harvest to reach distant and oversea consumers . Blueberry species and type [e.g., southern highbush, northern highbush, rabbiteye (Vaccinium virgatum)], as well as cultivars within those species and types, vary in response to mechanical harvest (Casamali et al., 2016; Malladi et al., 2013; Takeda et al., 2008) . Therefore, understanding the interactions of highbush blueberry type and plant characteristics that are best suited for machine harvest could help lead to advancements in developing cultivars better suited for machine harvest.
Handheld shakers have been used on a small number of farms (Haven Harvesters, personal communication), but varying fruit detachment response among cultivars showed that this technology needs further development (Casamali et al., 2016; Malladi et al., 2013; Takeda et al., 2017) . New advancements in shaker technology as well as ergonomics may benefit blueberry operations of many scales. Takeda et al. (2017) demonstrated that pneumatic shakers could remove 3.5-15 times more blueberries (grams per minute) compared with hand harvest. Differences in picking rate were observed across cultivars. For example, the shakers removed as much as six times more fruit (grams per minute) than by hand in 'Draper' and 'Legacy', and nearly 16 times in 'Liberty' blueberries. Moreover, soft fruit catching surfaces reduced the impact force and bruise damage to blueberries; the percent of bruise area in 'Draper' when using pneumatic shakers and modified catching surfaces was less than by hand harvest [1.5% and 3% with the shakers and hand, respectively (Takeda et al., 2017) ].
To achieve advances in mechanical harvesting of fresh-market fruit and make equipment that is commercially viable, new technology is needed to improve harvesting efficiency and make it economically 
Results and discussion
Survey responses demonstrated blueberry producers vary in acreage by state or province. Larger operations were observed in NC (83 acres on average), followed by WA (63 acres), MI (59 acres), BC (58 acres), OR (58 acres), GA (56 acres), FL (32 acres), and MS (31 acres). The average size of the sampled operations across the seven states and Canadian province was 51 acres. FL and MS had the greatest percent of small operations (<15 acres), with 40% and 44%, respectively. Conversely, 78% of respondents in NC indicated running a large operation (>100 acres). Because of the small number of responses in NC and WA (9 and 12, respectively), it is possible that results for these states may be biased toward large operations. Overall, a dichotomy in operation size emerged between large (>100 acres) and small (<15 acres). These two categories accounted for 62% of total responses, 37% large and 26% small. Medium size operations (15-100 acres) accounted for the remainder.
Survey responses indicated that the fresh market is where most blueberries are sold. Across seven states and one province, 61% of total blueberry production was described as being destined for the fresh market. This value is close to the reported percent of blueberries sold as fresh in the U.S., which was 57% in 2014 (USDA, 2017). Fresh market sales are the most lucrative for blueberry producers, yet often factors external to control by the producer dictate the amount of fruit that can be harvested and sold as fresh. These factors include weather conditions during harvest, increased competition from domestic and foreign markets, and overall narrower profit margins. The largest percent of producers reporting their fruit being retailed on the fresh market were observed in FL with 86%, followed by WA (66%), NC (60%), GA (58%), MS (56%), MI (50%), OR (50%), and BC (44%). These values are similar to national census data that report FL, WA, NC, GA, MS, MI, and OR have 99% (2015 data only), 30%, 77%, 57%, 58%, 48%, and 44%, respectively, of their used production directed toward fresh market in 2014 (USDA, 2017) . National census data from FL report a greater percent of production being directed toward fresh markets than what was reported by survey responses. This discrepancy may be attributed to making comparisons to 2015 census data as 2014 data for FL are unavailable. In addition, it is likely that 86% of producers sold fruit only on the fresh market, whereas the remaining sold fruit in both fresh and processed markets. Florida predominately contributes to fresh-market blueberry production, with larger operations also being able to process machine-harvested fruit later in the season or when hand-harvest labor is constrained. Smaller growers (5-10 acres) in FL tend to sell fresh fruit locally and do not have access to packing and processing facilities. The reported percent of blueberries sold as fresh was greater among survey respondents from WA and NC relative to national census data, which may be an artifact of the small sample size in these states and/or a higher response rate of producers producing fruit for the fresh relative to processed markets.
PRACTICE AND PERCEPTION OF MACHINE HARVESTING FOR FRESH
MARKETS. Machine harvesting of blueberries for fresh markets is becoming more common as labor shortages increase and machine technology improves (Takeda et al., 2013) . Producer knowledge of good horticultural practices to optimize machine harvesting (e.g., proper pruning) and driver knowledge of harvest equipment operation for specific blueberry types and cultivars are of paramount importance when determining the success of mechanical harvesting for fresh markets using current harvesting technologies (Oxbo Intl. Corp., personal communication). On average, 33% of blueberry producers participating in the survey reported they had tried or practice machine harvesting • February 2018 28 (1) their blueberry fruit destined for the fresh market. The largest percent of producers that reported machine harvesting of fresh-market blueberry was observed in GA with 54%, followed by NC (52%), MS (32%), BC (30%), MI (28%), WA (25%), OR (24%), and FL (20%) ( Table 2 ). The disparity observed among blueberry-producing regions indicates a lack of consensus on the current suitability of employing mechanized harvest equipment for fruit destined for fresh-market sales. The disparity could also be explained by regional differences in blueberry species and germplasm within a type or cultivar, which may be more or less adapted for machine harvesting based on plant architecture, fruit firmness, and other plant characteristics. Moreover, the disparity could be attributed to the location of the farm (i.e., distance to primary markets), size of operation, and market price factors. Table 2 shows that OR (24%) and FL (20%) had somewhat similar proportions of producers who had tried machine harvesting of blueberries for the fresh market. However, there is an interesting difference in the percent of used production destined to the fresh market with OR at 51% and FL at 100% for 2014. Harvest timing as it affects prices for fresh-market blueberries could also be a factor; 2014 prices received by producers in FL averaged $4/lb, whereas in OR it was $1.6/lb (USDA, 2017). The expected postharvest life of the fruit could also explain this disparity as producers that expect rapid sales and turnover may be more inclined to mechanical harvest than producers that know their fruit will be stored for a longer period. The economics of adopting mechanical harvesters for fresh-market purposes is another question for blueberry operations. Gallardo and Zilberman (2016) reported that yield losses and quality reduction were two important variables that determined whether using mechanical harvesters was profitable. They found that a 20% reduction in yield losses with a concomitant 29% reduction in quality losses would be needed before blueberry producers would see profitability using mechanical harvesters.
The survey asked how many times a year the machine harvester was used in the field to harvest freshmarket blueberries. On average, 19% of respondents across all eight surveyed locations stated that they have used a machine harvester twice in 2014 for fresh-market fruit, and 25% said they used it once. Fruit quality and berry size decline, whereas picking costs increase after the first and second pick for most cultivars such that multiple harvests within a field do not result in fruit suitable for the fresh market, so producers may decide to use machines to harvest the remaining fruit for processing to reduce picking costs. Often harvests following the first or second picking are targeted for processing, which tends to be less lucrative than fresh-market fruit.
C H A L L E N G E S W I T H F R E S H -MARKET BLUEBERRY PRODUCTION.
Numerous challenges are encountered in fresh-market blueberry production and this was reflected in survey responses. Cost of labor was consistently identified as a challenge across all survey locations and was reported in the greatest frequency, followed by availability of labor, competing markets, weather, pests and diseases, food safety, new cultivars, postharvest management, and water. Large differences were seen in some categories. Competing markets was ranked highly by most states except for MS and WA. Weather was reported as the second biggest challenge in NC, yet it was only the fifth most important for GA and MI producers. Few producers in FL reported food safety as a concern (2%) compared with 20% of MI respondents. Water availability was not seen as a major limiting factor in any state as it ranked at or near the bottom.
H A R V E S T M E T H O D DETERMINATION.
When faced with determining harvest method, producers must consider many factors. The survey data reveal these factors include market price (77%), followed by labor availability (63%), labor cost (56%), impacts on fruit quality (39%), cultivar characteristics (18%), mechanical harvest cost (17%), infrastructure for fresh fruit (7%), and training and knowledge of machine harvesting (5%). Learning new machine harvest technologies was of little concern to producers, indicating they would be open to new technology innovations. Even so, Rodgers et al. (2014) found that age and experience were inversely related to likelihood of adopting mechanical harvesters for blueberry, although Table 2 . Percent of blueberry producers that reported machine harvesting blueberries for the fresh market, percent of used production destined to the fresh market, and fresh-market price of blueberries; data are self-reported from blueberry producers in 2015-16.
Location
Producers that reported machine harvesting of fresh-market blueberry (2015) there were some caveats. If producers grew rabbiteye blueberries and had large amounts of production, they were more willing to accept the risks associated with adopting mechanical harvesting when faced with labor uncertainty.
PRODUCER CONCERNS ABOUT MECHANIZED HARVESTING OF FRESH-
MARKET BLUEBERRY. Mechanized harvest of blueberries for fresh market is a technological advancement, yet some concerns about this advancing technology exist among producers. By far, the greatest concern was fruit quality, which was reported by 80% of respondents and is consistent with the importance of quality to the fresh market (Table 3 ). Damage to plants by the harvester (52%), cost of the machine (51%), adaptability of cultivars to mechanical harvesting (39%), postharvest management (22%), availability of labor (17%), and machine maintenance (13%) were also cited as concerns. Plant damage by harvesters was addressed by Peterson and Brown (1996) and Takeda et al. (2008) . They found that properly pruned plants had little damage, but certain cultivars may be more susceptible to damage because of plant architecture. Not all cultivars have been tested for machine harvest suitability, but planting design (e.g., row spacing, trellising, raised beds, provision of headland space to turn harvesters, etc.) and pruning to maintain a narrow crown are all important for successful machine harvesting. Many FL producers were highly concerned about cost of the machine (71%) and adaptability of cultivars (59%). Although fruit quality was the highest concern among all blueberry producers, the relative importance of other issues was location specific.
PRODUCER EXPERIENCE WITH M E C H A N I C A L H A R V E S T E R S I N
BLUEBERRY. On average, across all locations, producers have been using mechanical harvesters for 11.1 years (Table 4 ). In MI, mechanical harvesters have been used for 20 years, followed by NC and OR at 17 and 13 years, respectively. BC, WA, MS, and GA averaged 10 years and FL 4 years. Yet, the majority of respondents (47%) reported using mechanical harvesters for fewer than 5 years. When coupled with answers to previous questions, this recent increase in machine harvest use is likely tied to labor availability and cost and their influence on remaining competitive in today's marketplace. These observations support the idea that both research and outreach efforts should correspond to address such needs. Handheld devices to harvest blueberries have been used to varying degrees throughout the past few decades. On average 43% of respondents were familiar with handheld shaking devices to mechanically harvest blueberry. Those handheld shaking devices may include electrically powered machines (H-Harvester; Table 3 . Primary concerns reported by producers regarding the use of mechanical harvesters for blueberry destined for the fresh market; data are self-reported from blueberry producers in 2015-16.
Concern
Producers reporting concerns regarding the use of mechanical harvests for fresh-market blueberry (%) Harvest-aid platforms are being developed to assist harvesters who use handheld shaking devices. Some of these platforms have modified catch-plate surfaces to lessen the impact of berries falling on this hard surface once detached from the bush. These platforms and modifications could make harvest faster, easier, and lessen ergonomic impacts to workers while improving fruit quality. Across all locations, 44% of respondents indicated they did not know if they would consider using a harvest-aid platform with alternative shaking devices to harvest blueberry. Another 45% would consider using a harvest-aid platform, whereas only 12% indicated they would not. These results indicate an overall lack of awareness of what the harvest platform can do to assist producers in harvesting fruit and also highlight a potential area of outreach and education.
PACKING LINE TECHNOLOGY FOR IMPROVED FRUIT QUALITY. Packing line technology has improved in recent years; however, enhancements can always be made. On average, 30% of respondents indicated that to improve blueberry packing lines, having better technology to remove soft fruit is a high priority. Internal bruising caused by impact trauma concerned 58% of all respondents. Better technology to remove green fruit was important to 30% of respondents and 37% wanted improved sorting speed. Soft fruit removal is especially important with spotted wing drosophila [SWD (Drosophila suzukii)] infestations becoming more prevalent in the blueberry industry (Walsh et al., 2011) . The pest is difficult to control, so damage from it is inevitable. However, if sorting technology can remove soft fruit caused by SWD and other types of biotic or abiotic stress, the impact of having damaged fruit reach the marketplace can be reduced.
Conclusions
Labor constraints are ever increasing and with it the need of developing alternative mechanical harvesting technologies that are cost effective for producers and would guarantee a wholesome product with comparable quality as hand-harvested blueberries. The results of this survey demonstrated that blueberry producers across the United States and in BC, Canada, are concerned about labor costs and availability now and into the future. With that in mind, they are willing to explore options to reduce the need for hand-harvest labor in their operations, but they are concerned about fruit quality after mechanical harvest and the cost of the harvester. If mechanical harvesting technology can advance to the point of reducing fruit damage and be economically viable, blueberry producers will likely migrate toward mechanization.
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